1 The bioavailability and bacterial degradation rates of dissolved organic matter (DOM) were 2 determined over a seasonal cycle in Loch Creran (Scotland) by measuring the decrease in dissolved 3 organic carbon (DOC), nitrogen (DON) and phosphorous (DOP) concentrations during long-term 4 laboratory incubations (150 days) at a constant temperature of 14ºC. The experiments showed that 5 bioavailable DOC (BDOC) accounted for 29 ± 11 % of DOC (average ± SD), bioavailable DON 6 (BDON) for 52 ± 11% of DON and bioavailable DOP (BDOP) for 88 ± 8 % of DOP. The seasonal 7 variations in DOM concentrations were mainly due to the bioavailable fraction. BDOP was degraded 8 at a rate of 12 ± 4 % d -1 (average ± SD) while the degradation rates of BDOC and BDON were 7 ± 2 9 % d -1 and 9 ± 2 % d -1 respectively, indicating a preferential mineralization of DOP relative to DON 10 and of DON relative to DOC. Positive correlations between concentration and degradation rate of 11 DOM suggested that the higher the concentration the faster DOM would be degraded. On average, 12 77 ± 9 % of BDOP, 62 ± 14 % of BDON and 49 ± 19 % of BDOC were mineralized during the 13 residence time of water in Loch Creran, showing that this coastal area exported C-rich DOM to the 14 adjacent Firth of Lorne. Four additional degradation experiments testing the effect of varying 15
processes influence BDOM leading to microbial degradation rates ranging from hours to years 1 (Williams, 2000) . The turnover of DOM has been proposed to occur with DOP more bioavailable 2 than DON, which in turn is more bioavailable than DOC (Hopkinson et al., 1997; 2002) . This 3 scenario has been used to explain why marine DOM is enriched in C over N and even more depleted 4 in P compared with the Redfield ratio, suggesting that N and P depletion of DOM could be linked 5 with age (Williams 1995) . However, recent studies have shown that fresh DOM can have high C:N 6 ratios due to large production of carbohydrates (Fajon et al., 1999) , and furthermore some 7 decomposition experiments suggest that DOC could be more degradable than DON (Kragh and 8 Søndergaard, 2004) , indicating that the linkage of DOM age with N and P depletion is not valid 9 under all conditions. 10
Here we present the results of a series of laboratory incubations with the purpose of (1) 11 estimating the bioavailability of DOM (DOC, DON and DOP) over an annual cycle, (2) determining 12 DOM decay rates and (3) assessing the influence of changing temperature on DOM bioavailability 13 and decay in a temperate fjord, Loch Creran (Scotland). 14 6 the incubation period, a minimum of five sub-samples were collected (days 0, 5, 10, 50 and 150) 1 from the duplicated 2 litre amber bottles, using a 50 ml acid washed glass syringe mounted with a 13 2 mm pre-combusted GF/F filter. The first 10 ml filtrate was discarded whereafter samples were 3 collected to follow the time course concentrations of dissolved inorganic nitrogen (DIN, ammonium 4 + nitrate/nitrite), dissolved inorganic phosphorus (DIP), dissolved organic carbon (DOC), total 5 dissolved nitrogen (TDN) and total dissolved phosphorus (TDP). 6
All glassware used was first acid-washed in 2M HCl for 24 hours, and then washed 3 times 7
with Milli-Q and incubation water before use. Sub-samples for DOC and TDN analysis were 8 collected directly in pre-combusted (6h) glass ampoules (10 ml) and preserved by adding 10 μl 85 % 9 H 3 PO 4 . Samples for DIN, DIP and TDP were kept frozen at -20ºC and analyzed within a week after 10 collection. 11
Measurements 12
Samples for chlorophyll a and particulate organic matter (POM) determination were collected 13 on precombusted (450°C for 4 hours) 47 mm diameter GF/F filters, dried overnight and thereafter 14 frozen (-20°C). Chlorophyll a concentrations were measured in 96 % ethanol after 24 h extraction in 15 the dark, using a Thermo Nicolet Evolution 300 Turn spectrophotometer. Measurements of POC and 16 PON were carried out using a 20-20 ANCA GSL mass spectrometer (PDZ Europa), calibrated with 17 isoleucine. Filters were fumed with concentrated HCl to remove inorganic C and packed in tin disks 18 and injected into the vertical quartz furnace of the analyser and were combusted to CO 2 , N 2 and H 2 O 19 (Nieuwenhuize et al. 1994 ). 20
Particulate phosphate (POP) was determined by suspending the filters in 20 ml of Milli-Q 21 water and wet-oxidizing in acid persulphate for 90 min. Particulate-P was measured as liberated 7 DOC/TDN samples were measured in at least triplicates with a Shimadzu TOC analyzer (Pt-1 catalyst) connected with an Antek-TN measuring unit. Using the deep ocean reference (Sargasso Sea 2 deep water, 2600 m) we obtained a concentration of 45.7 ± 3.0 µmol C L -1 (average ± SD) for DOC 3 and 22.0 ± 1.9 µmol N L -1 for TDN. The nominal value for DOC provided by the reference 4 laboratory is 44.0 ± 1.5 µmol C L -1 , while the TDN value is 21.1 ± 0.8µmol N L -1 . Standards for 5 DOC and TDN were made from potassium hydrogen phthalate (C 6 H 4 (COOK)-COOH) and glycine 6 (NH 4 The kinetics of DOM degradation was described by a first-order exponential decay model 17 taking the refractory pool into account: 18
Where DOM(t) is the amount of DOM remaining at time t, BDOM is the bioavailable pool (µmol L -20 parameters BDOM and DOM(150) found by the exponential model fitted using the Marquardt-1
Levenberg algorithm. 2
The Q 10 coefficient for the effect of increasing temperature on the DOM degradation rate was 3 calculated as: Regression analyses were performed using the best-fit between the two variables X and Y 8 obtained by regression model II as described in Sokal and Rohlf (1995) . In the cases where the 9 intercept was not significantly different from zero, it was set to zero and a new slope calculated. 10
Prior to the regressions, normality was checked. The confidence level was set at 95% with all 11 statistical analyses conducted in Statistica 6.0. 12 ranged from 80 to 150 µmol L -1 for C, 6 to 12 µmol L -1 for N, and 0.1 to 0.2 µmol L -1 for P. 17
Results and discussion
Chlorophyll a, particulate organic matter (POM) ( Fig. 2a and c) and DOM ( Fig. 3 ) showed opposite 18 seasonal pattern of those of temperature, salinity and inorganic nutrients (DIN and DIP) ( Fig. 2 
b) 19
Maximum concentrations were recorded in spring, with high levels maintained during summer 20 stratification and minimum values reached during winter mixing, describing the expected seasonal 21 cycle of a temperate coastal system. 22 use the BDOM produced in situ prior to these experiments. We defined the refractory DOM pool as 3 the concentration in the sample after 150 days of incubation, although reaching the "true" refractory 4 endpoint would probably require longer incubation times. BDOM ranged from 6 to 65 µmol L -1 for 5 C, 2 to 7 µmol L -1 for N, and 0.05 to 0.18 µmol L -1 for P ( Fig. 3 The seasonal cycles of BDOM and DOM were parallel for the C, N and P pools ( Fig. 3) ; with 19 significant positive linear relationships found between DOC/BDOC, DON/BDON and DOP/BDOP 20 (Table1). The slope of the linear regressions were not significantly different from 1 (Table 1) , 21
indicating that the seasonal variation of DOC, DON and DOP was in fact due to BDOC, BDON and 22 BDOP, respectively, as previously suggested (Williams, 1995; Nausch and Nausch, 2006; 2007) . 23
The intercepts of these regressions indicate the residual concentrations of DOC, DON and DOP (i.e., 24 the portion that is refractory on 150-day timescales). These were 78 ± 4 µmol L -1 for C, 3.6 ± 0.7 1 µmol L -1 for N and 0.02 ± 0.01 µmol L -1 for P ( Table 1 ). The residual DOC calculated in this study 2 is about twice the in situ DOC concentration in the deep sea (35-45 µmol L -1 , Hansell and Carlson, 3 1998) which is generally considered resistant to bacterial degradation. By contrast, the residual 4 concentration of DON was only slightly higher than levels found in the deep sea (< 3µmol L -1 ; 5 Bronk, 2002) . For the case of DOP, the residual value is around the detection limit of the method, but 6 resembles the levels found in the incubations in other studies (e.g. Karl and Björkman, 2002; Nausch 7 and Nausch, 2006) . 8 BDON and BDOP were correlated with inorganic nitrogen and phosphorus (Table 1) and  9 BDOC was positively linearly related with salinity (Table 2) . BDOC, BDON and BDOP showed 10 approximately similar patterns as temperature, chlorophyll a and particulate organic matter (Table 2) indicates that 60 ± 20 % of DIN in Loch Creran originated from BDON and 18 ± 1 % of the net 18 production of inorganic phosphorous was derived from BDOP ( Low temperatures have been shown to both alter rates and availability of organic matter 5 mineralization, as the ability of an organism to sequester substrate declines at low temperature 6 (Nedwell, 1999) . However, we found no differences in DOM bioavailability with varying 7
temperature, suggesting that the amounts mineralized over large time scales (150 days) were 8 temperature independent. 9
If refractory DOM levels are solely related to changes in terrestrial inflow a significant 10 relationship between the DOM pool remaining after 150 days DOM(150) and salinity would be 11 expected. Such a relation was not found, suggesting that other processes were influencing the 12 refractory DOM pool. Microbial communities have been shown to produce refractory products from 13 labile DOM and inorganic nutrients (Kawasaki and Benner, 2006). These transformations did not 14 appear to be of great importance in our incubations, as the addition of labile carbon and inorganic 15 nutrients did not increase the DOM(150) levels significantly. Table 1 ). The 21 overlapping standard errors of the C:N:P molar ratios of DOM and BDOM indicate that they were 22 not significantly different, supporting the suggestion that the slopes of the linear regressions between 23
The C:N molar ratio of BDOM, 8 (± 2), was not significantly different from the Redfield ratio 3 characteristic of the products of synthesis and early degradation of marine phytoplankton (6.7: 1, regressions between BDOC/BDOP and BDON/BDOP (Fig. 4) show that DOP was mineralised faster 20 than DON and DON faster than DOC in the field, prior to the incubation experiments, which links 21 the C:N:P stoichiometry of BDOM in this area with age (Williams, 1995) . Table 3 summarises the first order decay constants of the BDOM confined in the incubation 1 bottles which were obtained by fitting the observed exponential degradation of DOC, DON and DOP 2 with time. It should be noted that using this method, the lability of BDOM is a function of the time 3 steps being employed to measure reactivity. Given that our time step is > 5 days and that the number 4 of observation points was 5, the model just considered a singular labile DOM pool. The degradation 5 rate of DOC (k DOC ) at 14°C was 6 ± 3 % day -1 (average ± SE), ranging from 2 to 12 % day -1 . k DOC 6 values were maximum in spring/summer and minimum in winter. A significant (p < 0.006) positive 7 correlation was found between the decay constants and the initial concentration of BDOM (Table 1) Consistent with other studies (e.g. Garber, 1984), the degradation rates of DOC, DON and 11 DOP followed the same pattern (Table 1) . A significant (p < 0.002) positive correlation was 12 observed between k DOC , k DON and k DOP , and the corresponding linear regression slopes indicate that 13 DOC and DON were degraded at a rate equivalent to 58 ± 17 % and 78 ± 18 % (slope ± SE) of DOP 14 (Fig. 5 ). This is in agreement with the general acceptance that the degradation rate of the DOM pools 15 follows the sequence DOP > DON > DOC (Garber, 1984; Hopkinson et al., 1997; 2002) . This result 16 is consistent with the previous discussion of C:N:P stoichiometry of the initial BDOM in the 17 incubation flasks, suggesting that fractionation during DOM mineralization occurs before and during 18 the incubation period. 19
The half-live times of DOC, 7 ± 5 days (average ± SD), DON, 5 ± 3 days and DOP, 3 ± 1 20 days, calculated from the decay coefficients as the time when half of BDOM was degraded, suggest 21 that DOC decay rates obtained in this study resemble the degradation of semi-labile DOC, while 22 DON and DOP decay rates are closer to those for the degradation of labile DOM found in other 23 studies (Gardner, 1984; Hopkinson et al., 1997; 2002; Kragh and Søndergaard, 2004 ). 1 decay model using the degradation rates at a typical summer water temperature of 14°C and using 2 the average flushing time of water of 12 days (Tett 1986 ). We found that 73 ± 9 % of BDOP 3 (average ± SD) is mineralized within the fjord, while only 49 ± 19 % and 62 ± 14 % of DOC and 4 DON are degraded, respectively. The stoichiometry of BDOM degraded within Loch Creran exhibits 5 an average C:N:P molar ratio of 236: 38: 1, with the exported BDOM being more C and N rich, with 6 a C:N:P molar ratio of 581: 59: 1. These estimates suggest that C-rich BDOM would still persist 7 after the water is exported from Loch Creran, and thus could support heterotrophic production in the 8 adjacent Firth of Lorne. This emphasises the importance of the flushing time of water as compared 9
with half-live times of BDOM in determining if DOM is used or exported away from the area where 10 it is produced (Hopkinson et al., 2002) . 11
The decay rates of DOM in Loch Creran could have been further influenced by temperature, 12
as previous studies show inhibition of bacterial growth at low temperatures, probably due to low 13 extra-cellular enzymatic hydrolysis rates (Kirchman and Rich, 1997). The impact of temperature on 14 DOM degradation was measured in this study, showing that increased temperature led to higher 15 decay rates of DOC and DON, while no clear effect was detected for DOP (Table 3 ; Fig. 6 ). The Q 10 16 values of 2.6 ± 1.1 for DOC (average ± SD) and 2.5 ± 0.7 for DON had largest impact in July, which 17 is consistent with previous studies (Garber, 1984; Chen and Wangersky, 1996) . Results from bottle 18 experiments such as these are difficult to extrapolate to in-situ processes, but temperature effects 19 could have important implications due to the relative importance of accumulation (Williams, 1995) implying that DOM will decompose closer or further away from the source depending on the 23 temperature. 
